1. Introduction
===============

As Ultra Large-Scale Integrated circuits (ULSIs) have been reduced to ultra deep submicron dimensions, signal propagation delay, cross talk, and power consumption have drastically increased due to the parasitic capacitance of intra-level interconnection. Copper (Cu) interconnection and low dielectric *k* (*k* \< 3.0) materials have been used from 0.13 um technology to reduce the RC delay time, interconnection resistance and interlayer capacitance \[[@B1-materials-05-00377],[@B2-materials-05-00377]\]. However, the Cu interconnection has several disadvantages for application in process technology. For example, a Cu film is easily oxidized, and Cu atoms or ions easily diffuse into low *k* interlayer dielectrics by thermal annealing or with electric fields \[[@B3-materials-05-00377]\]. Thus, it is desirable to develop new materials with a lower *k*-value to further reduce the effective dielectric constant of the Cu interconnect system \[[@B4-materials-05-00377],[@B5-materials-05-00377]\]. It is also known that Cu is a serious source of contamination for both silicon and silicon dioxide. To prevent Cu from diffusion into the dielectric material, Cu must be sealed using diffusion barriers. A dielectric diffusion barrier layer must be deposited on Cu wires to seal the Cu and to serve as the etch stop layer during the via etch of the next metal layer \[[@B6-materials-05-00377],[@B7-materials-05-00377]\]. In 90 nm and 65 nm technology, dual layers of composite α-SICN:H/TEOS oxide were used as a Cu diffusion barrier. The role of the first layer, α-SICN:H, is as a Cu diffusion barrier and etch stop layer. The second layer TEOS oxide is used to prevent PR poisoning. In this work, we investigate the dielectric constants between measurement and theoretically calculated, the chemical bonding configuration, and the potential of the Cu diffusion barrier with a bi-layer structured α-SiCN:H/TEOS barrier \[[@B8-materials-05-00377]\].

2. Experimental Section
=======================

The SiCO- or SiCN-base films on a copper layer have been widely used in the copper dual damascene process as a copper ion barrier layer \[[@B9-materials-05-00377],[@B10-materials-05-00377]\]. Moreover the influences of the etching-stop-layer, silicon carbide (SiC) barrier cap layer, and deposition process on electro migration (EM) and stress migration (SM) have been reported \[[@B4-materials-05-00377],[@B11-materials-05-00377]\]. The copper and barrier layer interface is the dominant path for copper migration \[[@B5-materials-05-00377],[@B11-materials-05-00377],[@B12-materials-05-00377]\]. One of the reliability issues in Cu metallization is dielectric degradation caused by Cu ion penetration. Copper could rapidly drift into silica-based low-k dielectrics during bias-temperature stressing \[[@B13-materials-05-00377]\]. In this article, it was demonstrated that a novel multi structure of an oxygen-doped SiC and nitrogen-doped SiC deposited at 350 °C showed excellent Cu blocking capability.

The 3MS and 4MS SiC samples were prepared at 350 °C by 300 mm Producer SE^TM^ PECVD of Applied Material and 300 mm Vector TM PECVD of Novellus, respectively. Sample preparations followed experimental conditions on 300 mm p-type silicon wafers. The deposition conditions are listed in [Table 1](#materials-05-00377-t001){ref-type="table"}. (1)Optical thickness and k test method:300 mm KLA-Tencor FX-100, 633 nm, and Quantox measured thickness and k value, respectively.(2)FTIR test method:FTIR test method was carried out by 300 mm BIO-RAD SS-3300 spectrometer of Accent. Sample preparations followed experimental conditions on 300mm p-type silicon wafer.(3)SIMs:Second Ion Mass Spectroscopy was used to measure the depth profile of Cu. Samples were prepared, as [figure 1](#materials-05-00377-f001){ref-type="fig"}, by physical vapor deposition 250 A TaN/Ta on a 750 µm bare silicon wafer. In order to provide copper electrochemical plating 5000A, the wafers were deposited with a 750A copper seed layer by physical vapor deposition. After chemical mechanical polishing back to 4000A, all dielectric samples were deposited.
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###### 

Deposition condition of trimethylsilane (3MS) or tetramethylsilane (4MS)-base films.

  Sample identification   4MS        3MS        TEOS ^a^         
  ----------------------- ---------- ---------- ---------- ----- --------
  Pressure (torr)         2.0\~3.0   3.0\~4.0   1.5              
  HFRF ^b^                550\~600   450\~600   200              
  LFRF ^b^                900        \-         0          80    800
  N/Si ratio              2.06       \-         1.84       \-    \-
  C/Si ratio              \-         6.55       \-         \-    \-
  O/Si ratio              \-         \-         \-         2.0   12,000

^a^: TEOS: tetraethoxyl silane; ^b^: HFRF: High Frequency Radio Frequency; LFRF: Low Frequency Radio Frequency.

![Sample prepared film stacked.](materials-05-00377-g001){#materials-05-00377-f001}

3. Results and Discussion
=========================

[Table 2](#materials-05-00377-t002){ref-type="table"} shows the measurements of optical thickness, electrical thickness and dielectric constant *k* of the samples, deposited on bare Si wafers. It can be seen that all the dielectric constants *k* of the samples were comparable with previous literature. However, comparing the [A]{.ul} α-SiCN:H with [N]{.ul} α-SiCN:H films, the dielectric *k* of [N]{.ul} α-SiCN:H film is higher than [A]{.ul} α-SiCN:H film by about 15%. It is worth noting that the main precursors of [A]{.ul} α-SiCN:H and [N]{.ul} α-SiCN:H films are 3MS and 4MS, respectively, and the structure of [N]{.ul} α-SiCN:H film in principle contains more methyl bonds (-CH~3~) than [A]{.ul} α-SiCN:H film which should lead to a lower dielectric constant. However, as illustrated in [Table 1](#materials-05-00377-t001){ref-type="table"}, the N/Si gas ratios of [A]{.ul} α-SiCN:H film and [N]{.ul} α-SiCN:H film are 1.84 and 2.06, respectively \[[@B6-materials-05-00377]\]. It implies that more N atoms react with methyl-silane during [N]{.ul} α-SiCN:H film deposition. Besides this difference, the [A]{.ul} α-SiCN:H film deposited without low frequency RF (LFRF) but [N]{.ul} α-SiCN:H film deposited with 920 W LFRF. LFRF would increase ion bombardment during deposition and increase the film density. These two differences may act as factors for increasing the dielectric constant in the [N]{.ul} α-SiCN:H film deposition process.
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###### 

Dielectric constant k measurements.

  Sample Condition                          Thickness   K        
  ----------------------------------------- ----------- -------- ------
  ^0^SiOC:H                                 387 nm      498 nm   3.04
  ^1^ [A]{.ul} α-SiCN:H                     55 nm       44 nm    4.81
  ^2^ [N]{.ul} α-SiCN:H                     57 nm       39 nm    5.68
  ^3^ [N]{.ul} α-SiCO:H                     30 nm       26 nm    4.46
  ^4^ PEOX                                  30 nm       28 nm    4.23
  [N]{.ul} α-SiCN:H + PEOX + SiOC:H         470 nm      540 nm   3.41
  [N]{.ul} α-SiCN:H + N α-SiCO:H + SiOC:H   470 nm      544 nm   3.39

^0^: SiOC:H represents organic silicon glass deposition by Applied Material; ^1^: [A]{.ul} α-SiCN:H represents nitrogen-doped silicon carbide deposited by Applied Material; ^2^: [N]{.ul} α-SiCN:H represents nitrogen-doped silicon carbide deposited by Novellus; ^3^: [N]{.ul} α-SiCO:H represents oxygen-doped silicon carbide deposited by Novellus; ^4^: PEOX (plasma enhanced oxide) deposited by Novellus.

[Figure 2](#materials-05-00377-f002){ref-type="fig"} shows the FTIR spectroscopy for 3MS [A]{.ul} α-SICN:H film and 4MS [N]{.ul} α-SICN:H film. The FTIR spectrum serves as an indication of the bond vibration in thin films. For α-SiCN:H film prepared by CVD, the existence of H element makes their FTIR spectrum very complex. The IR spectrum shows absorption peaks at around 1,257, 2,133, 2,900 cm^−1^, corresponding to Si-CH3 stretching, SiHn (n = 1\~3), and CHm (m = 1\~3) stretching mode, respectively. These spectra suggest that a Si-C network is indeed formed with the incorporation of a large amount of H. From the IR spectra, the peak relative intensity of the Si-CH3 peak for [A]{.ul} α-SICN:H film is slightly stronger than the peak for [N]{.ul} α-SICN:H film. It implies that the qualitative termination bonding content in [N]{.ul} α-SICN:H film is less than in [A]{.ul} α-SICN:H film, and gives the [N]{.ul} α-SICN:H film a higher density. The reduction in dielectric constant of α-SiCN:H by using 3MS gas is largely due to the decreased density caused by incorporation of Si-CH3 groups. The broader peak of 790--1,020 cm^−1^ shown in [Figure 2](#materials-05-00377-f002){ref-type="fig"} can be split into mixed Si-C stretching (796 cm^−1^), Si-C in Si-(CH2)n-Si (814 cm^−1^), Si-N stretching (940 cm^−1^), and Si-(CH2)n-Si (1,000 cm^−1^) vibration mode as shown in [Figure 3](#materials-05-00377-f003){ref-type="fig"}. Apparently, the [A]{.ul} α-SICN:H film showed a small peak of Si-C stretching mode at the wavenumber of 790 cm^−1^ but it was not found in [N]{.ul} α-SICN:H film. Besides this variation in bonding configuration, it is believed that the α-SiCN:H film deposited with different precursors would make the film microstructure and properties different.

The copper diffusion barrier properties of the α-SiCN:H films were tested. Analytical characterization was performed using secondary ion mass spectroscopy (SIMs). [Figure 4](#materials-05-00377-f004){ref-type="fig"} shows the depth profile of Cu in the testing film stack. Cu is deposited on a blanket wafer using TaN/Ta/Cu seed layer followed by electroplating, and the Cu deposition. For the structure including a dual layer barrier with [A]{.ul} α-SICN:H or [N]{.ul} α-SICN:H film at the interface between Cu , a 3850A thickness SiOC:H film was deposited.. The dashed line illustrated in [Figure 4](#materials-05-00377-f004){ref-type="fig"} is the Si depth profile, which was used to define the boundary of layers for the test sample. A noticeable diffusion of Cu in SiOC:H was observed when α-SiCN:H was deposited using 4MS and PEOX films. However, it could be found that Cu resisted diffusion in [A]{.ul} α-SICN:H (red line) film, successfully. This phenomenon was incompatible with the result as mentioned above. On the other hand, there exists large variations in microstructure on α-SiCN:H film deposited by using 3MS or 4MS. In order to resolve the Cu diffusion into SiOC:H film, a new scheme of dual layer barrier was developed. Following the [N]{.ul} α-SiCN:H film deposition, a [N]{.ul} α-SiCO:H with 300 Å thick film was deposited by using 4MS substitute for PEOX 300A, plasma enhanced oxide. This new scheme of dual layer barrier can resist Cu diffusion into SiOC:H film successfully as shown in [Figure 4](#materials-05-00377-f004){ref-type="fig"} (green line).

![The FTIR spectra of α-SiCN:H film deposited by trimethylsilane (3MS) (**a**) and tetramethylsilane (4MS) (**b**).](materials-05-00377-g002){#materials-05-00377-f002}

![FTIR spectra of α-SiCN:H (**a**) [A]{.ul} α-SiCN:H and (**b**) [N]{.ul} α-SiCN:H films, which can be split into three peaks, corresponding to Si-C, Si-N, and Si-(CH~2~)~n~-Si, respectively.](materials-05-00377-g003){#materials-05-00377-f003}

![Second Ion Mass Spectroscopy (SIMs) depth profile of Cu in [A]{.ul} α-SiCN:H 500+PEOX 300 Cu (red line), [N]{.ul} α-SiCN:H 550+PEOX 300 (blue line), and [N]{.ul} α-SiCN:H 550+ [N]{.ul} α-SiCO:H 300 (green line) dual layer dielectric barrier films.](materials-05-00377-g004){#materials-05-00377-f004}

4. Conclusions
==============

The dielectric constant of a measured test film stacking layer composite dual layer diffusion barrier for 65 nm and 45 nm technology has been studied. The dielectric constant of α-SiCN:H film deposited by using 4MS (5.68) is higher than by using 3MS (4.81). From the IR spectra, the termination bond of Si-CH3 has stronger intensity in the [A]{.ul} α-SICN:H film, and suggests this would make the film more porous. However, the variation in microstructure for α-SiCN:H films deposited by using 3MS or 4MS can not be identified clearly. On the other hand, the Cu depth profile examined by SIMs showed that Cu would penetrate through the [N]{.ul} α-SICN:H film deposited by using 4MS. Conversely, [A]{.ul} α-SICN:H film deposited by using 3MS can resist the Cu diffusion into the SiOC:H film successfully. The result is incompatible with the results of dielectric constant and IR spectra. In order to prevent Cu penetration through the barrier film into SiOC:H, a new scheme of [N]{.ul} α-SiCN:H/[N]{.ul} α-SiCO:H barrier film was developed to substitute the original [N]{.ul} α-SICN:H/PEOX barrier film. From the results examined by SIMs, a good performance on Cu diffusion resistance was shown that was consistent with EM and SM testing. In addition, the new scheme can be deposited *in-situ* with the same tool.
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